This report is a continuation of a study of the effects of internal heat transfer on the temperature of hollow spacecraft and the requirements for thermal modeling. Considered herein is the effect of internal heat transfer by radiation on the temperature distribution. The equation governing the heat transfer of a spherical shell exposed to parallel radiation is derived; conduction and radiation are considered. The general equation is simplified by assuming steady state, and a numerical method is given to solve the steady state equation. A computer program is described which employs the method. Solutions of the steady state equation are graphically presented and discussed. The requirements for temperature preservation in thermal modeling are derived. The possibility of thermal modeling without temperature preservation is discussed. It is observed that for an inside emissivity to outside emissivity ratio greater than one, the requirement for duplication of the other dimensionless ratio can be relaxed.
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Step function to limit f(0) This report is a continuation of a study of the effects of internal heat transfer on the temperature of hollow spacecraft and the requirements for thermal modeling. Considered herein is the effect of internal radiative heat transfer on the temperature distribution.
In Ref. 1, the effect of internal convection on the temperature of a spacecraft model of arbitrary shape, subjected to parallel radiation, was considered, and the transient temperatures were calculated. With the aid of numerical results, the conditions under which convection can be neglected were determined. Also, thermal modeling rules were derived for testing scale models. Thermal modeling is a valuable technique in ground testing of spacecraft. Several aspects of thermal model testing in space simulation chambers are discussed in Ref. 2. In this report, the geometry is restricted to a spherical shell, and solutions are obtained for the steady state case. The spherical shell is subjected to parallel radiation which is considered uniform for the calculations presented herein; however, the equations derived and the numerical method allow axially symmetric nonuniformities. These somewhat arbitrary restrictions were imposed so that relatively simple calculations resulted, which nevertheless bring out features of a more general nature. By carrying out selected calculations of this type, it is hoped that better insight can be obtained concerning the importance of various parameters to thermal testing in space simulation chambers.
SECTION II MATHEMATICAL ANALYSES

GENERAL EQUATIONS
The system to be considered is shown in Fig. 1 with vacuum inside and outside of the sphere. It is assumed that the shell thickness, b, is small enough to disallow any temperature gradient in the radial direction. It is also assumed that the inside of the sphere emits and reflects diffusely. The parallel radiation, p s , is allowed to be a function of r. This may be useful at a later time in investigating the effects of nonuniformities of solar simulators.
AEDC-TR.67-254
P s (r) ► u
Fig. 1 Geometry and Nomenclature
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The general equation governing the system can be obtained by performing a heat balance on the sector of the sphere between 6 and 6 + dö and the equation d,, in = cDdV^I (1)
IS
The rate of heat transfer into the sector at 0 by conduction ( Fig. 1) p, = -kA k J *I
' a de
The rate of heat transfer out of the sector by conduction at 8 + d0 is The rate of heat transfer into the sector from the parallel radiation source is then dp 3 = a s Ps (r) dA p or dp 3 = a s q s f(ö)h(ö)dA"
(6) AEDC-TR-67-254
The rate of heat transfer emitted out of the sector is given by dp 4 = (<i -«o)«rT*dA» (7)
The rate of heat transfer into the sector from radiation inside the sphere is given by dp, = a; f fiffT 4 (0OdG0'~0dA0' 0 where the integration is of the area at 6'. It is proved in Appendix I that dG. e '_0 = -±-sin 0 dö
A substitution in Eq. (1) of dp. = (pj -pg) + dp3 -dp4 + dp5 results in 2mb-*-[~cos0^+ sinÖ |£ do 
where, for the present, T m and t m are, respectively, some arbitrary temperature and some arbitrary time. Equation (14) is obtained in dimensionless form by using Eqs. (15) and (16) These quantities may be used as a measure of the effects of an external energy source, external radiation, and the heat capacity, respectively, as compared with the heat transfer by conduction. Also define
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In these terms, Eq. (17) becomes
Otr dv
This equation can be written in a different form by a change of variable 
Thus Eq. (22) becomes
Either Eq. (22) or Eq. (26) describes the temperature of the system as a function of position and time. Given an initial temperature distribution, the numerical solution of these equations could be obtained.
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STEADY STATE EQUATIONS
If steady state condition is assumed, a simplification of Eqs. (22) and (26) from which is obtained
If T m is defined as the temperature such that if the sphere was isothermal, it would radiate the same power; then Using these substitutions and noting that for steady state the right hand side is zero and the partial derivatives become total derivatives, Eq. (22) becomes
Similarly Eq. (26) becomes
Along with the simplification in the equations is a complication in the condition to be satisfied by the solution. Whereas the condition to be satisfied by the solution of the transient equations was simply the initial temperature distribution, the solution of Eq. (34) must satisfy Eq. (31) and the solution for Eq. (35) must satisfy Eq. (32). This ■ complication in side conditions is not peculiar to this particular system but is a general circumstance when going from the transient equations to the steady state equations of most systems.
SECTION III SOLUTION OF THE STEADY STATE EQUATIONS
NUMERICAL METHOD
This section describes the numerical method used to obtain numerical solutions to the steady state equations. A steady state solution could be obtained by assuming an initial temperature distribution and obtaining a numerical solution of the transient equations. However, a more efficient method is to assume a starting value of the steady state equation, obtain a solution, and iterate to find the solution which fits the side condition. This method is described below as applied to Eq. (35).
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Define S -4* * ~ dx (36) and Eq. (35) becomes
Also define
From these equations, we easily obtain the system of equations
A numerical solution of this system of equations could easily be obtained if the values of R, S, and Z at x = -1 were known. However, instead the following side conditions must be met. From Eq. 
COMPUTER PROGRAM
A computer program was written in FORTRAN II for the SDS 920 computer to solve the steady state equation employing the method described above. The main program follows the flow chart shown in Fig. 2 . The subroutine STEP called by the main program is a standard subroutine used to solve differential equations. STEP calls another subroutine FUN which evaluates Eqs. (38), (39), and (40). These are explained in detail below.
Main Program
The input to the program is N, MAX, and L defined below and Np, E, and AR. N is the number of steps. Since the solution is required for -1 < x'<l, the step size is Ax = 2/N MAX contains a limit to the number of iterations. The fractional portion of the SDS 920 floating point number is 39 binary digits. Since the numerical method halves the interval containing Z(-l) each iteration, the computer precision limits the method to 39 iterations. If L is 1, then the solution is printed after every iteration. If L is 2, then only the last solution is printed.
The flow chart for the main program is shown in Fig. 2 , and the listing is given in Appendix II.
Subroutine STEP
Subroutine STEP is a program of the Runge-Kutta one step method of solving differential equations. This method is explained in Ref. The smaller the step-size, Ax, is the better the approximation becomes. The accuracy is limited only by the round off error which depends on the precision of the computer. The listing of STEP is given in Appendix II.
Subroutine FUN
In the present case, subroutine FUN was written to evaluate Eqs. The flow chart of FUN is shown in Fig. 3 , and the listing is given in Appendix II.
SECTION IV RESULTS AND DISCUSSION
The computer program described above was used to obtain solutions of Eq. Fig. 8 , and the Z versus x relationship is shown in Fig. 9 . The case, Np = 0, can arise only from infinite conductivity since it is assumed that b « a. This means the sphere would be isothermal giving the solution, Z(x) = 1, independent of E. It is interesting to note that at x = 0. 25, the dimensionless temperature Z is very close to one in all cases. The solutions show that when E > 1, the temperature distribution changes relatively slow as Np is changed. That is, the temperature distribution is determined largely by internal radiation. For E < 1, Np has a greater influence on the solutions, implying that conduction also is an important factor in determining the temperature distribution.
If Np and E are the same for two different systems, then the same equation describes both systems; thus, the temperature distribution of one system can be inferred from the measured temperature distribution of the other system. This is the basis for thermal modeling. The observations made above, on the behavior of the solutions of Eq. (35), imply that for E > 1 the tolerance of duplication of Np in thermal modeling can be relaxed, but when E < 1 the requirement for duplication of Np becomes more stringent.
In thermal modeling it may be desired to preserve temperature, since the thermal properties may be a function of temperature. For this case, in addition to preserving Np and E, one must preserve T which is given by Eq. (30). Thus, from Eqs. 
Thus, from Eqs. (49) and (50) 
since Z is preserved by design. Equation (30) is used to calculate T m*
SECTION V SUMMARY
The equation governing the heat transfer of a spherical shell subjected to parallel radiation was derived, conduction and radiation being AEDC-TR-67-254 considered. A numerical method was developed to solve the steady state equation, and a computer program was described which employed the method. Solutions of the steady state equation were graphically presented.
The requirements for temperature preservation in thermal modeling were derived. The possibility of thermal modeling without temperature preservation was discussed. It was observed that for an inside emissivity to outside emissivity ratio greater than one, the requirement for duplication of the other dimensionless ratio can be relaxed.
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APPENDIX I DERIVATION OF FORM-SURFACE FACTOR
The fact that flux leaving any part of the interior of a sphere diffusely spreads uniformly over the interior of the sphere implies that the form factor from the area at 0 to the area at 0'
Also, the form factor from the sphere to the area at 6' is This is the fraction of the flux leaving the area at 0 which eventually strikes the area at 6' and is called the form-surface factor. 
